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Summary
Objective: This study was designed to systematically determine whether and to what extent the frequency of intermittent loading modulates
the biosynthesis and release of proteoglycans (PGs), and to assess chondrocyte viability within mature bovine articular cartilage explants
exposed to different loading patterns.
Methods: Cultured full-thickness cartilage explants from the weight-bearing area of healthy bovine fetlock joints were exposed to
intermittently applied, uniaxial cyclic loads by introducing a sinusoidal waveform of 0.1, 0.5 or 1.0 Hz, frequency and a peak stress of 0.5 MPa
for a period of 6 days. The cyclic loads were applied for 5, 10 or 20 s followed by a period of unloading lasting 10, 100 or 1000 s. The
incorporation of radiolabeled sulfate into glycosaminoglycans (GAGs) during the final 18 h, the content of GAGs and DNA, the deformation
of loaded explants as well as the viability of chondrocytes within the different zones of explants were determined.
Results: PG synthesis and loss of endogenous PGs were non-linearly and independently regulated by the frequency of the chosen
intermittent load, whereas the release of newly synthesized PGs remained unaffected. The viability of chondrocytes within the superficial
zone decreased drastically under intermittent loading in a manner independent of the frequency applied.
Conclusions: Our results confirm the hypothesis that the frequency of intermittent loading is an important mechanical factor controlling the
metabolic activities of chondrocytes. They also implicate that an initially healthy cartilage explant can be mechanically manipulated to
generate an in vitro model of degenerative, osteoarthritic-like cartilage.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Science Ltd. All rights reserved.
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Introduction
The concept that mechanical stress on articular cartilage, a
tissue optimized by its structure and properties for load-
bearing functions, is a fundamental stimulus for chondro-
cyte metabolic activities, is generally accepted. Mechanical
loading of cartilage is associated with cell and tissue
deformation, cyclic fluctuations in the hydrostatic pressure
of cartilage and in fluid movement, all of which are impli-
cated in regulating the metabolic activity of chondrocytes1.
Numerous studies have shown the importance of joint
motion and weight-bearing for the maintenance of normal,
healthy articular cartilage. On the other hand, disparity
between the in vivo contact stress and the local cartilage
biomechanical properties probably acts as a mechanical
trigger for cartilage degeneration in osteoarthritis (OA)2–4;
trauma, obesity or joint overuse are regarded as major
contributing factors in the development and progression of
OA2–4.
The prevailing view is that in the earliest stages of OA the
superficial collagen network is disrupted so that a depletion
of proteoglycans (PGs) results. An increased PG synthesis
early in the development of OA has often been reported
and interpreted as an attempt at repair5. In addition, using
animal models of OA, a loss of cellularity has been ob-
served in the early phases of cartilage degeneration
despite the occasional appearance of multicellular
clusters5–9. Apoptosis within the superficial and middle
zone of articular cartilage has been speculated as being
one factor responsible for loss of chondrocytes, however,
the role of apoptosis in the onset and development of OA
is still being questioned10–12. Nevertheless, excessive
mechanical loading has been identified as an important
factor responsible for the reduced chondrocyte viability
caused by necrosis and apoptosis13–18.
In studying the effect of dynamic mechanical forces on
cartilage metabolism, many investigators have used in vitro
systems since they offer important advantages over animal
studies: in vitro models allow the study of cellular response
to loading more directly, the flux of isotopic precursors and
the passage of products can be determined in different
compartments separately, and mechanical conditions can
be manipulated more precisely. Direct mechanical forces
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have been applied to cartilage explants either stati-
cally17,19, as an often injurious impact load13–16,18, or
as a repetitive cycle of forces, either applied
continuously17,19–22 or intermittently23–33. Many of these
loading protocols were chosen to simulate more closely the
conditions cartilage might experience during normal or
pathological joint function. In the most frequent protocol, a
cyclic unconfined mechanical compression is applied to
cylindrical cartilage plugs cultured in a nutrient medium.
Compression is achieved by applying either a prescribed
displacement19 or a prescribed force13–18,20–33 using a
porous or non-porous loading plate placed on the surface
of the explants.
The most common mode of loading in human lower limb
joints is indeed cyclic loading, and it has been calculated
that these joints are subjected to between one and four
million load cycles per year on average34. During loco-
motion, knee articular cartilage experiences periods of
complete unloading and load-free recovery between load-
ing cycles as contact ceases between opposing articulating
surfaces. Studies seeking to reproduce these mechanical
conditions, by applying the mechanical forces intermittently
through introduction of a load-free recovery phase between
periods of either static25–33 or cyclic23,24 compression,
have produced contradictory results. Intermittently applied
compressive forces may have a stimulatory, inhibitory or in
several cases even no effect on the rate of PG synthesis
and/or catabolism, indicating that the frequency of intermit-
tent loading might have an impact. However, the precise
role of this mechanical factor has not been specifically
addressed.
Inducing a degenerative, OA-like metabolism and mor-
phology within initially disease-free cartilage explants in
vitro has been one of our longer-term objectives. Precisely
characterizing the impact of each mechanical factor on
these cartilage explants is a prerequisite for developing
such an in vitro model of degenerative cartilage designed
for application in pharmacological as well as pathophysio-
logical studies. Based on our previous findings23,24, i.e.,
that the time of unloading during each loading period has
an impact on cartilage PG and fibronectin synthesis and
release, we hypothesized that the frequency of intermittent
loading is another important mechanical factor regulating
chondrocyte metabolic activity. This hypothesis was tested
by systematically investigating whether the frequency of
intermittently applied cyclic mechanical cartilage explant
loading modulates the biosynthesis and release of PGs,
and by assessing whether it is possible to induce OA-like
alterations of these parameters in vitro by mechanical
means. As the matrix maintenance and integrity directly
depend on the metabolic activity of the chondrocytes, cell
viability was an important parameter to be examined with
the mechanical protocols applied.
Materials and methods
PREPARATION, CULTURE AND MECHANICAL LOADING OF
CARTILAGE EXPLANTS
Under sterile conditions, two macroscopically healthy,
full-thickness cartilage explants were removed from the
weight-bearing area of the metacarpophalangeal condyles
of six steers of ages between 18 and 24 months. Seven-
millimeter-diameter articular cartilage discs were obtained
using a biopsy punch. One explant was loaded whereas the
corresponding explant from the same condyle served as
control. In order to determine the degree of compression
during loading, the thickness of explants was then deter-
mined twice in the center of the cartilage using a digital
caliper with a resolution of 0.01 mm and an accuracy of
±0.02 mm. Cartilage explants were washed, placed into the
specimen holders with the articular surface upward, and
cultured in 2.5 ml Ham’s F-12 nutrient media supplemented
with 2.5 mM HEPES, pH 7.2, containing 30 µg/ml alpha-
ketoglutarate, 300 µg/ml L-glutamine, 50 µg/ml ascorbate,
1.0 mM Na2SO4, 20 U/ml penicillin, 10 µg/ml streptomycin,
2.5 µg/ml amphotericin B, 50 µg/ml gentamycin, 485 µg/ml
CaCl2×2H2O and 1% (v/v) of the serum substitute
CR-ITS+™ Premix (Collaborative Biomedical Products,
Bedford, MD, USA)20,21,23,24.
Mechanical loading of cartilage explants was started on
day 0 since we previously found that the PG synthesis and
release as well as the viability of unloaded bovine articular
cartilage explants remain constant over a 10-day culture
period as compared to the level at day 024. The mechanical
loading apparatus used was designed and constructed to
load living cartilage explants over extended time periods
under sterile conditions, and has already been described in
detail elsewhere35. The loading device was positioned into
a CO2-incubator for 2 h to allow equilibration with the
incubator’s environment (37°C, 5% CO2 and 95% humid-
ity). Intermittently applied, uniaxial cyclic loading was intro-
duced by using an approximately sinusoidal waveform of
0.1, 0.5 or 1.0 Hz frequency and a peak stress of 0.5 MPa
for a period of 6 days (Fig. 1). The cyclic loads were applied
for 5, 10 or 20 s followed by a period of unloading lasting
10, 100 or 1000 s. Explants were loaded perpendicular to
their longer axis in radially unconfined compression. During
the period of unloading, the load plate was lifted from the
cartilage surface. Unloaded cartilage discs of the same
condyle were cultured in identically constructed loading
chambers, and served as controls. The degree of compres-
sion of cartilage explants during loading was measured
using a displacement transducer system as described
previously in detail35. Media were changed on day 3 and
collected media were stored frozen at −20°C in the pres-
ence of a 10% (v/v) protease inhibitors mixture containing
10 mM AEBSF, 200 mM EDTA, 16 mM benzamidine/HCl,
100 mM N-ethylmaleimide and 15 µM pepstatin A until
analysis.
During the final 18 h of the experiments, cartilage ex-
plants were radiolabeled with 10 µCi/ml [35S]-SO4 (DuPont
de Nemours GmbH, Bad Homburg, Germany). At the end
of the loading and radiolabeling period, media were har-
vested and stored frozen at −20°C in the presence of a
10% (v/v) protease inhibitors mixture. Cartilage explants
were washed three times with GBSS to remove unincorpor-
ated radioisotope, then frozen at −20°C in GBSS together
with 10% (v/v) protease inhibitors mixture until further
analysis. For determination of the PG synthesis and con-
tent, the load plates were extracted on a rocker for 48 h at
4°C with 1 ml of buffer containing 4 M guanidinium chloride,
50 mM sodium acetate, pH 5.8, 100 mM 6-aminocaproic
acid, 5 mM benzamidine/HCL, 10 mM EDTA, 10 mM
N-ethylmaleimide and 1 mM PMSF, and the extracts were
stored frozen at −20°C until analysis.
DETERMINATION OF PG SYNTHESIS
Radiolabeled cartilage explants were thawed and
washed three times with 1.0 ml cold GBSS. Excess liquid
was removed by blotting the specimen on filter paper, and
tissue wet weights were determined. Samples were then
digested for 4 h at 65°C with 1 ml of 0.5 mg/ml papain
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digestion solution at pH 6.5 containing 50 mM monosodium
phosphate, 2 mM N-acetylcysteine and 10 mM EDTA.
[35S]-SO4-labeled PGs within the papain digested explants,
media and load plate extracts were determined by separ-
ation of free [35S]-SO4 from macromolecular [35S]-SO4-
labeled GAGs by size exclusion chromatography on
Sephadex®G-25 columns (Amersham Pharmacia Biotech
GmbH, Freiburg, Germany). PG synthesis was calculated
from the total [35S]-SO4-labeled GAGs found in the di-
gested explants, media and load plate extracts. PG biosyn-
thesis was normalized with respect to DNA content of the
tissue, incubation time and sulfate concentration in the
media, and reported as µmol of SO42−-incorporation per µg
DNA per hour.
QUANTITATION OF PGS AND DNA
Papain digested cartilage explants, culture media and
load plate extracts (25 µl aliquots) were assayed for
sulfated GAGs by reaction with 0.25 ml 1,9-dimethyl-
methylene blue dye solution in polystyrene 96-well plates
and quantified by spectrophotometry at 523 nm using an
ELISA-plate reader. Chondroitin sulfate A from bovine tra-
chea (Sigma GmbH, Deisenhofen, Germany) was used as
the standard36. This method determines endogenous as
well as newly synthesized PGs. However, the majority of
PGs quantified by this procedure represent endogenous
PGs.
The DNA content of papain digested cartilage explants
was determined fluorometrically using the bisbenzimidazol
dye Hoechst 33258 as described previously37.
CHONDROCYTE VIABILITY
The above described loading protocols were applied to
explants cultured exclusively for the determination of the
viability of chondrocytes within the three different cartilage
disc zones. Cell viability was determined using the fluores-
cent probes fluorescein diacetate and propidium iodide as
described previously23. Briefly, at the end of the experi-
ments, cartilage explants were washed twice with sterile
isotonic PBS. Tissue sections were then cut perpendicular
to the joint surface, each being 50 µm thick. Cartilage slices
were placed in a small drop of sterile PBS on a glass slide;
200 µl Ham’s F-12 media containing 0.1 mM fluorescein
diacetate and 0.3 mM propidium iodide were added and
subsequently incubated in the dark at 37°C and 95%
humidity for 5 min. At two sites on each slice, at least 50
viable and/or dead cells, as indicated by a green or red
fluorescence, were counted in each of the three cartilage
layers (superficial, intermediate and deep zone) under a
fluorescence microscope at 200-fold magnification.
STATISTICAL ANALYSIS
Each experiment was repeated five times (N6). The
data obtained from loaded explants were normalized using
values from unloaded controls and subsequently analyzed
by one-way analysis of variance (ANOVA) and post hoc
testing employing Dunnet’s multiple comparison test to
determine the statistical significance. P values less than
0.05 were considered as significant.
Results
PG SYNTHESIS, CONTENT AND RELEASE FROM LOADED
EXPLANTS
Intermittently applied, cyclic mechanical loading of
mature articular cartilage explants can significantly en-
hance the incorporation of radiolabeled precursor into PGs
and the release of endogenous PGs from explants into
the nutrient media compared to unloaded control cultures
(Table I, Figs. 2–4). The total PG content (measured as
dimethylmethylene blue reactivity, data not shown) as well
as the DNA content (Table I) of all loaded explants re-
mained unchanged compared to unloaded control discs.
Reducing the duration of the loading interval from 20 to
5 s, thereby increasing the frequency of intermittent load-
ing, resulted in a significantly increased sulfate uptake into
GAGs compared to unloaded control explants (Table I, Fig.
2; ANOVA: P<0.05). Release of newly synthesized as well
as endogenous PGs into the nutrient media was not
influenced by the duration of the loading interval (Table II,
Fig. 2; ANOVA: P>0.05).
Fig. 1. Schematic representation of the loading protocols de-
scribed in Materials and methods. Intermittent cyclic mechanical
loading was applied with a peak stress of 0.5 MPa and repeated
X-times for a duration of 6 days (144 h). (A) Explants were
cyclically loaded for 10 s using a sinusoidal waveform of 0.1, 0.5 or
1.0 Hz before a period of unloading lasting 100 s. (B) Explants
were cyclically loaded for 10 s using a sinusoidal waveform of
0.5 Hz frequency before a period of unloading lasting 10, 100 or
1000 s. (C) Explants were cyclically loaded for 5, 10 or 20 s using
a sinusoidal waveform of 0.5 Hz frequency before a period of
unloading lasting 100 s. (D) The effect of intermittent cyclic loading
on the incorporation of radiolabeled precursor into GAGs was
assessed by radiolabeling the cartilage explants during the final
18 h of the 6 days experiments followed by tissue harvest, and
subsequent analyses.
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By reducing the length of the unloading period from 1000
to 10 s, thus increasing the frequency of intermittent load-
ing, we also observed an elevated incorporation of the
radioactive precursor into GAGs compared to unloaded
cartilage discs (Table I, Fig. 3; ANOVA: P0.04). Further-
more, the observed significantly increased release of en-
dogenous PGs from loaded explants into the nutrient media
was also dependent on the duration of the unloading period
(Table II, Fig. 3; ANOVA: P0.005), whereas such a
dependency could not be demonstrated for newly synthe-
sized PGs (Table II).
An increased incorporation of the radioactive precursor
into GAGs could only be observed at frequencies of 0.1 and
1.0 Hz (Table I, Fig. 4; ANOVA: P0.006). The frequency of
loading significantly modulated the release of endogenous
PGs from explants into nutrient media whereas the release
of newly synthesized PGs remained unaffected (Table II,
Fig. 4). A significantly elevated release of endogenous PGs
was observed at 0.1 and 1.0 Hz (ANOVA: P0.0003),
whereas at 0.5 Hz the release of endogenous PGs was not
modulated.
THE DEGREE OF LOAD-INDUCED COMPRESSION OF CARTILAGE
EXPLANTS
As determined after 8 h of loading, the degree of com-
pression of loaded explants decreased non-linearly as
Table I
Incorporation of sulfate into GAGs as well as the DNA content of articular cartilage explants superimposed to intermittently applied cyclic
mechanical loads
Effect of Loading conditions DNA content (µg/mg wet
weight explant)
Sulfate uptake into GAGs
(µmol SO4/µg DNA/h×10−4)
Superficial zone
chondrocyte viability
Loaded explant Control Loaded explant Control
Duration of loading 5 s 0.20±0.05 0.20±0.05 1.64±0.36* 1.09±0.34 15±23**
interval (0.5 MPa, 10 s 0.23±0.06 0.23±0.07 2.20±0.57 1.96±0.66 20±26**
0.5 Hz, 100 s unloading,
6 days)
20 s 0.23±0.05 0.23±0.09 2.41±0.58 2.16±0.37 1±1**
Unloading period 10 s 0.11±0.04 0.11±0.03 7.79±2.34* 4.73±1.66 16±21**
(0.5 MPa, 0.5 Hz, 100 s 0.23±0.06 0.23±0.07 2.20±0.57 1.96±0.66 20±26**
10 s loading, 6 days) 1000 s 0.32±0.08 0.36±0.09 2.30±0.58 2.57±0.61 7±6**
Frequency of loading 0.1 Hz 0.26±0.04 0.24±0.05 2.10±0.50* 1.44±0.22 4±2**
(0.5 MPa, 10 s loading 0.5 Hz 0.23±0.06 0.23±0.07 2.20±0.57 1.96±0.66 20±26**
100 s unloading, 6 days) 1.0 Hz 0.08±0.03 0.10±0.03 8.42±2.47* 4.55±1.15 11±9**
Cartilage explants were intermittently loaded as indicated. Radiolabeled GAGs were determined in media, load platen extracts and
cartilage explants. The percentage of living cells within the superficial zone of loaded explants are normalized by data obtained from the
corresponding unloaded control explants (=100%). Data are expressed as mean values±SD. Statistically significant different from unloaded
controls: *0.01<P#0.05; **P<0.01.
Fig. 2. Effect of duration of loading interval on the PG biosynthesis
per µg DNA and release of total PGs (endogenous and newly
synthesized PGs as determined by the DMMB-assay) into the
nutrient media per µg DNA of cartilage explant, normalized using
values obtained from unloaded control cultures. Using a 0.5 Hz
frequency and a sinusoidal waveform, a pressure of 0.5 MPa was
cyclically applied to cartilage discs for 5, 10 or 20 s before a period
of unloading lasting 100 s. Explants were intermittently loaded
for 6 days. Data are mean values±SD (N6). Statistically signifi-
cant differences from unloaded control values as determined by
Student’s two-tailed paired t-test: *0.01<P#0.05. j, biosynthesis
of PGs; j, release of endogenous PGs.
Fig. 3. Effect of time of intermittence on PG biosynthesis per µg
DNA and release of total PGs (endogenous and newly synthesized
PGs as determined by the DMMB-assay) into the nutrient media
per µg DNA of cartilage explant, normalized using values obtained
from unloaded control cultures. Using a 0.5 Hz frequency and a
sinusoidal waveform, a pressure of 0.5 MPa was cyclically applied
to cartilage discs for 10 s before a period of unloading ranging from
10 to 1000 s. Explants were intermittently loaded for 6 days. Data
are mean values±SD (N6). Statistically significant differences
from unloaded control values as determined by Student’s two-
tailed paired t-test: *0.01<P#0.05; **0.001<P#0.01. j, biosyn-
thesis of PGs; j, release of endogenous PGs.
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unloading was increased from 10 to 1000 s (Table II).
Increasing the duration of loading from 5 to 20 s or elevat-
ing the frequency of loading from 0.1 to 1.0 Hz did not result
in an altered degree of compression (Table II). After 8 h of
loading, the degree of maximum compression remained
constant over the entire course of the experiments (data
not shown). The standard deviations shown in Table II were
in the range of ±10%, indicating that the compression of
loaded cartilage explants, being initially 0.57±0.06 mm
thick (N42), was reproducible.
CHONDROCYTE VIABILITY
Intermittent loading damaged the superficial zone of
cartilage explants as revealed by vital staining after the
experimental runs. A decreased proportion of living super-
ficial chondrocytes (Table I) was determined in explants
which was not dependent on the loading protocol chosen.
The viability of chondrocytes within the intermediate and
deep zones was not affected by the applied loads (data not
shown).
Discussion
Precise knowledge about the impact of mechanical fac-
tors on the metabolic activities of cartilage explants is a
prerequisite for exactly manipulating the tissue so that it
can be used as an in vitro model for degenerative, OA-like
cartilage. Thus, the present study was the first to system-
atically examine the effect of the mechanical factor ‘fre-
quency of intermittent loading’ on the biosynthesis and loss
of PGs, as well as the cellular viability of articular cartilage
explants. Over a period of 6 days: (1) PG synthesis and
loss were non-linearly and independently regulated by the
frequency of intermittent loads chosen and (2) chondrocyte
death was confined to the superficial zone of these ex-
plants. Thus, the results appear to confirm our hypothesis
that the frequency of intermittent loading is an important
mechanical factor controlling the metabolic activities of
chondrocytes.
In our experiments, intermittently applied cyclic loading
of cartilage explants resulted in a drastic loss of chondro-
cyte viability within the superficial zone of explants that did
not depend on the loading protocols chosen, whereas
chondrocytes of the middle and deep explant zones
remained viable. Although we have not investigated the
precise mechanisms responsible for the observed cell
death, several causes may be considered.
One possibility is that the rough surface of the porous
load plate used in our loading chambers might have dam-
aged the matrix of the superficial zone so that cell death
resulted. Based on the experiments reported by Lucchinetti
et al.17, it seems unlikely that the direct contact of the load
Fig. 4. Effect of load frequency on PG biosynthesis per µg DNA
and release of total PGs (endogenous and newly synthesized PGs
as determined by the DMMB-assay) into the nutrient media per µg
DNA of cartilage explant, normalized using values obtained from
unloaded control cultures. Using a 0.1, 0.5 or 1.0 Hz frequency and
a sinusoidal waveform, a pressure of 0.5 MPa was cyclically
applied to cartilage discs for 10 s before a period of unloading
lasting 100 s was instituted. Explants were intermittently loaded for
6 days. Data are mean values±SD (N6). Statistically significant
differences from unloaded control values as determined by
Student’s two-tailed paired t-test: *0.01<P#0.05; **0.001<P#
0.01. j, biosynthesis of PGs; j, release of endogenous PGs.
Table II
Proteoglycan loss from cartilage explants as well as the degree of compression of cartilage discs superimposed to intermittently applied
cyclic mechanical loads
Effect of Loading conditions Radiolabeled GAGs in media
and load platen as % of total
Endogenous GAGs in media
and load platen as % of total
Compression (%)
Loaded explant Control Loaded explant Control
Duration of loading 5 s 12.4±4.1 11.2±4.2 30.0±7.0 24.0±5.4 35.3±9.5**
interval (0.5 MPa, 10 s 10.7±2.4 7.9±2.8 20.2±3.7 22.8±6.2 37.0±10.4**
0.5 Hz, 100 s unloading,
6 days)
20 s 11.4±2.8 7.0±2.8 28.4±9.9 17.3±5.4 37.8±10.9**
Unloading period 10 s 9.8±1.8 6.7±1.6 31.0±8.8** 18.9±3.9 36.8±8.7**
(0.5 MPa, 0.5 Hz, 100 s 10.7±2.4 7.9±2.8 20.2±3.7 22.8±6.2 37.0±10.4**
10 s loading, 6 days) 1000 s 7.7±2.5 7.0±4.5 24.9±3.2** 18.5±3.3 12.9±2.7**
Frequency of loading 0.1 Hz 9.9±1.3 7.1±2.2 28.0±5.0** 17.7±3.6 29.7±7.6**
(0.5 MPa, 10 s loading, 0.5 Hz 10.7±2.4 7.9±2.8 20.2±3.7 22.8±6.2 37.0±10.4**
100 s unloading, 6 days) 1.0 Hz 10.4±3.0 9.9±3.1 36.1±8.8** 19.8±4.0 34.2±9.8**
Cartilage explants were intermittently loaded as indicated. Radiolabeled and endogenous GAGs were determined in media, load platen
extracts and cartilage explants and the percentages of newly synthesized or endogenous GAGs outside the explants were calculated. Data
are expressed as mean values±SD. Statistically significant different from unloaded controls: **0.001<P#0.01.
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plate to the superficial cartilage zone should be the only
factor responsible for loss of chondrocyte viability. These
investigators found that loading of two explants with their
articular surfaces facing each other induced the same loss
of chondrocyte viability as loading one explant with its
articular surface facing a porous load plate.
Alternatively, structural and compositional differences
between each zone of cartilage might explain why chondro-
cytes remained viable within the middle and deep zones
but not within the superficial zone. Compared to the middle
and deep zones of articular cartilage, the superficial zone
has a higher water content and lower proportion of PGs; it
is more compressed and thus more susceptible to me-
chanical injury. Although the pressure applied in our experi-
ments was rather low compared to the estimated loads
acting in vivo on e.g., human knee38 or hip joints39, the
strains were higher than those likely to occur in vivo due to
dissection of the subchondral bone and the surrounding
tissue from the cartilage plugs. Excessive mechanical load-
ing has already been found to be an important factor
responsible for reduced chondrocyte viability13–18. Thus,
it is possible that in our experiments the superficial
chondrocytes experienced excessive mechanical loads
that produced irreversible damage and loss of viability.
We reported elsewhere that the viability of superficial
chondrocytes was decreased drastically by prolonging the
duration of intermittent loading from 1 to 6 days23. In the
study presented here we only considered effects after 6
days, so we cannot exclude a gradual effect on viability for
shorter periods of exposure to different loading protocols.
Furthermore, we cannot rule out the possibility that apop-
tosis, and the release of proteolytic enzymes from dead
chondrocytes, enhanced the catabolic response of mechani-
cally overloaded superficial chondrocytes. Also, excessive
oxidative stress caused by the inability of these cells to cope
metabolically with injurious stress might have contributed to
the time-dependent drastic decline in the proportion of viable
cells within the superficial zone17. However, despite the ap-
pearance of multicellular clusters5–9, loss of cellularity has
also been observed in the early phases of cartilage degen-
eration using animal models of OA. Thus, the mechanically
induced loss of chondrocyte viability as observed in our
experiments is somewhat similar, and may even be neces-
sary to induce in vitro degenerative alterations in initially
healthy articular cartilage explants.
The PG content of healthy articular cartilage remains
fairly constant and represents a balance between the loss
of normally catabolized PGs through the articular surface
and replacement by newly synthesized PGs. Early stages
of degenerative joint diseases such as OA are thought to
be characterized by an increase in PG synthesis followed
by a net loss. Thus, the second objective was to examine
the metabolic response of cartilage explants intermittently
loaded at various loading frequencies. We found that the
release of endogenous PGs was markedly increased only
from those explants subjected to a loading protocol with a
low or high frequency of intermittent loading. The release
of newly synthesized PGs remained unaffected, which
conflicts with findings reported for OA cartilage.
Our results are consistent with those described by Sah et
al.40, who found an increased PG loss with 24 h of inter-
mittent loading (2 h on/2 h off), and von den Hoff et al.33,
who reported an increased PG loss only after partial PG
removal from explants intermittently loaded (1.5 s on/1.5 s
off) for 7 days. However, a direct comparison with and
between data of other studies23–33,40 is impeded by differ-
ences in: (1) the tissue under examination, e.g., regarding
the anatomic location of tissue harvest, species, and age of
animals and (2) the loading conditions and mechanical test
configurations employed, such as the amount of pressure,
the overall time of tissue loading, the plate permeability and
the loading rate. Furthermore, explants were compressed
by fixing either the load applied or the displacement de-
sired; intermittence was achieved by introducing a force-
free period between periods of either statically or cyclically
achieved deformation of explants. Each of these differ-
ences, either alone or in combination, may affect the
metabolic response of cartilage.
In general, the loss of PGs may be caused by an
increased catabolism, an increased porosity of the cartilage
due to damage of the collagen network, or by a
deformation-induced increased convective fluid flow. When
cartilage is compressed in vivo by loading, the tissue’s
interstitial fluid is forced out of the matrix through the
articular surface and also tangentially away from the area
of contact41. Using our loading chambers, this two-
dimensional fluid flow pattern was simulated, since the
cartilage explants were compressed in an uniaxial and
unconfined manner using a permeable load plate sitting on
their surface, whereas the chamber bottom simulates the
impermeable calcified cartilage-subchondral bone zone.
Therefore, an increased loss of PGs through the articular
surface and the cut lateral sides of the explants may be
envisaged due to a deformation-induced elevated fluid
exudation. However, this explanation is rather unlikely
since this fluid flow should also have dragged newly syn-
thesized PGs out of the tissue and caused endogenous PG
loss with all the loading protocols applied.
In the earliest stages of OA there is a disruption of the
collagen structure in the superficial layer42–44 causing an
increased permeability of the articular surface with subse-
quent leakage of PGs. As the porous load plate has a rough
surface, this might have damaged the collagen network of
the superficial zone causing not only cell death but also an
increased porosity and thereby permeability of the tissue.
However, Torzilli and Grigiene22 suggested that continuous
cyclic loading decreased interstitial porosity and explant
surface area, and that this may be the primary mechanism
responsible for reducing the PG release from the cartilage
explants as determined in their study, and as also pre-
viously reported by us20. In contrast, in our experiments
described here the cartilage explants are cyclically com-
pressed before a period of unloading when the load plate is
lifted off the specimen’s surface. Following this period of
unloading, in which water is imbibed so that tissue reswell-
ing occurs, explants were again cyclically loaded. There-
fore, any period of loading contained an initial phase of fluid
exudation until this fluid flow eventually stopped due to
compaction of the matrix. Thus, the loss of PGs seen in our
experiments happened most likely during the initial phase
of each loading period when PG diffusion was not impaired
by compaction of the matrix. However, structural damage of
the collagen network alone seems insufficient to cause the
PG loss observed since we were unable to detect an
elevated release of endogenous PGs with all explants
exposed to the various loading protocols. Also, no elevated
loss of newly synthesized PGs was determined in any
experiment. Thus, potential structural damage of the colla-
gen network might have only facilitated the release of
proteolytically catabolized, and thus smaller endogenous
PGs due to an increased porosity of the articular surface.
In this context, hydrostatic pressure was found not only
to affect the pattern of synthesis and release of cathepsins
and their inhibitors, but also to stimulate the production of
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an active cysteine proteinase by articular cartilage45. Fur-
thermore, Jin et al.46 demonstrated that shear stress in-
creased the expression of the matrix metalloproteinase-9
gene by cultured rabbit chondrocytes. In addition, data
derived from in vivo studies support the view that the effect
of load on proteinases and inhibitors is important for
governing the overall response to load47. In our study, an
elevated PG loss was only observed with selected fre-
quency patterns indicating that frequency-dependent
mechanotransduction pathways may be involved in the
production of proteolytic enzymes. However, this hypoth-
esis of mechanically induced catabolism of chondrocytes
needs to be investigated further.
The third objective of our study was to determine whether
the biosynthesis of PGs is dependent on the frequency of
intermittent loads applied. We found that PG biosynthesis
was significantly stimulated not only by higher frequencies
involving a short duration of loading and unloading, but also
by low frequency of cyclic loads. Our data confirm our
previously reported assumption that the optimal time frame
of unloading between each loading period lies in the range
below 100 s24. Furthermore, our results are supported by
studies reporting that the relationship between the duration
of loading and the time of unloading markedly influences
the biosynthetic activity of chondrocytes; an increased,
decreased or unaffected PG biosynthesis has been
reported19,27,30,32.
In our experiments, an increased PG biosynthesis can
result from: (1) a compensatory response of the remaining
viable chondrocytes from the middle and deep zones to
structural damage of the superficial zone which might be
interpreted as an attempt at repair, or (2) a merely physio-
logical normal mechanical stimulus for chondrocytes to
produce elevated amounts of PGs. Since we observed a
drastic loss of chondrocyte viability and structural damage
to the superficial zone in all explants independently of the
loading protocols applied, as well as an increased PG
synthesis mainly at higher frequencies of intermittence, it
appears unlikely that the elevated PG synthesis reflects
only a response of surviving chondrocytes to damage. We
hypothesize that the mechanical stimuli acting on the
surviving chondrocytes via their pericellular environment
were modified because of damage to the superficial zone.
This may have been translated into an altered metabolic
response of these cells.
In conclusion, we found that: (1) chondrocyte death is
confined to the superficial zone of explants in a manner
independent of the loading protocol applied, (2) PG synthe-
sis and loss are non-linearly and independently regulated
by the frequency of intermittent loading and (3) our hypoth-
esis that the frequency of intermittent loading is a major
mechanical factor controlling the metabolic activities of
chondrocytes is confirmed. Furthermore, our results sug-
gest that some intermittent loading protocols can be ap-
plied to at least partly simulate early cartilage changes
seen in OA and that they therefore have the potential to be
used for the development of an in vitro model for future
pharmacological and pathophysiological studies. In this
context, the present study contributes to a more detailed
understanding of the mechanical factors involved in the
biology of cartilage in health and disease.
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